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Preface XVii

PREFACE

This guidance manual on transit noise and vibration impact assessment is an updated edition of a
document originally published in 1995. The manual details the procedures for producing accurate impact
assessments for proposed federally-funded mass transit projects and discusses ways of reducing excessive
noise and vibration caused by projects. While the manual is intended primarily for acoustics
professionals who conduct the analyses as part of the environmental review process, it is written for a
broader audience. Sections on noise and vibration fundamentals and a glossary of terms allow lay readers
to gain a better understanding of one of the more technical subjects covered in the Federal Transit
Administration’s environmental documents.

The revisions in this manual are based on practitioners’ experience in using the procedures and on
developments that have occurred in this field over the past decade. The basic procedures for prediction
and impact assessment remain the same; however, changes have been made throughout the document to
clarify the procedures and to add new content. Some of the more significant changes involve: inclusion
of noise reference levels for several new transit modes; fuller explanation of how to handle multimodal
highway/transit projects; methods for assessing locomotive horn noise at grade crossings; expanded
discussion of noise and vibration mitigation measures including costs; refined vibration impact criteria
expressed in one-third octave bands for Detailed Analysis; and more examples on how to use the General
Noise Assessment procedures for different types of transit projects.

This updated guidance manual supersedes the original document and should be used for addressing noise
and vibration impacts for all construction projects seeking funding from FTA. For the great majority of
projects, the results obtained from application of the methods described in this manual will not depart
significantly from results obtained from the old manual. This document is also available in the Planning
and Environment section of FTA’s Web site (www.fta.dot.gov).
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1. INTRODUCTION

1.1 PURPOSE

Noise and vibration assessments are key elements of the environmental impact assessment process for mass
transit projects. Experience has shown that noise and vibration are among the major concerns with regard to
the effects of a transit project on the surrounding community. A transit system is of necessity placed near
population centers and often causes significant noise and vibration at nearby residences and other sensitive
types of land use.

This manual provides guidance for preparing and reviewing the noise and vibration sections of environmental
documents. In the interest of promoting quality and uniformity in assessments, the manual will be used by
project sponsors and consultants in performing noise and vibration analyses for inclusion in environmental
documents. The manual sets forth the methods and procedures for determining the level of noise and
vibration impact resulting from most federally-funded transit projects and for determining what can be done
to mitigate such impact. Since the methods have been developed to assess typical transit projects, there will
be some situations not explicitly covered in this manual. The exercise of professional judgment may be
required to extend the basic methods in these cases.

1.2 THE ENVIRONMENTAL REVIEW PROCESS

The Federal Transit Administration (FTA) provides capital assistance for a wide range of mass transit projects
- from completely new rail rapid transit systems to bus maintenance facilities and vehicle purchases. The
extent of environmental analysis and review will depend on the scope and complexity of the proposed project
and the associated environmental impacts. FTA's environmental impact regulation classifies the most
common projects according to the different levels of environmental analysis required, ranging from an
environmental impact statement (EIS) to little or no environmental documentation (categorical exclusion).
FTA's environmental impact regulation is codified in Title 23, Code of Federal Regulations, Part 771.%"

"References are located at the end of each chapter.
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Environmental Impact Statements. Large fixed-guideway projects, such as heavy rail, light rail, commuter
rail and automated guideway transit systems, normally require environmental impact statements, including an
in-depth noise and vibration assessment. While there may be exceptions to the EIS requirement, in the great
majority of cases new rail starts or extensions to existing systems involve significant environmental effects in
the context of the National Environmental Policy Act (NEPA). Because they are located in dense urban areas,
noise and vibration impacts are a frequent concern; thus it is likely that for the major infrastructure projects
requiring an EIS, the most detailed treatment of noise and/or vibration impacts will also be required.

There are other projects as well which may require a detailed analysis of noise and vibration impacts even if
an EIS is not required to comply with NEPA. These could be bus/high-occupancy-vehicle (HOV) lanes built
on existing highways or construction of certain bus or rail terminals and storage and maintenance facilities. If
the project is proposed to be located in or very close to a sensitive area or site, it is prudent to use the most
detailed procedures contained in the manual to predict noise and/or vibration levels since this will provide the
most reliable basis for considering measures to mitigate excessive noise/vibration at a specific site.

Categorical Exclusions. At the other extreme is a host of smaller transit projects which normally do not
cause significant environmental impacts and do not require noise and vibration assessment. These projects
are listed as "categorical exclusions” in FTA's environmental regulation, meaning that FTA has determined
that there are no significant environmental impacts for those types of projects and no environmental document
is required. Examples are: vehicle purchases; track and railbed maintenance; installation of maintenance
equipment within the facility, etc. Section 771.117(c) contains a list of transit projects predetermined to be
categorical exclusions.

Other types of projects may also qualify as categorical exclusions, for example, certain transit terminals,
transfer facilities, bus and rail storage and maintenance facilities (see 23 CFR 771.117(d)). These projects
usually involve more construction and a greater potential for off-site impacts. They are presented in the
regulation with conditions or criteria which must be met in order to qualify for categorical exclusion. The
projects are reviewed individually by FTA to assure that any off-site impacts are properly mitigated.
Depending on the proposed project site and the surrounding land use, a noise and vibration assessment may
be needed even though the project may ultimately qualify as a categorical exclusion. The screening process
in Chapters 4 and 9 will be helpful in pointing out potential noise and vibration concerns and the general
assessment procedures may then be used to define the level of impact.

Environmental Assessments. When a proposed project is presented to FTA, if it is uncertain whether the

project requires an EIS or qualifies as a categorical exclusion, FTA will direct the project sponsor to prepare
an environmental assessment (EA). Generally, an EA is selected (rather than trying to process the project as a
categorical exclusion) if the FTA reviewer feels that several types of impacts need further investigation, for
example, air quality, noise, wetlands, historic sites, traffic, etc. An EA is a relatively brief environmental
study which helps determine the magnitude of the impacts that will likely be caused by the project. If, during
the analysis, it appears that any impacts are significant, an EIS will be prepared. If the analysis shows that
none of the impacts is significant or if mitigation measures are incorporated in the project to adequately deal
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with adverse impact, the EA will fully document this and serve as the basis for a Finding of No Significant
Impact issued by FTA. It is important to note that when mitigation measures are relied on, they must be
described in detail in the EA since FTA's finding is based on the inclusion of these measures in the project.

FTA'’s environmental regulation does not list typical projects that require EA’s. An EA may be prepared for
any type of project if uncertainty exists about the magnitude or extent of the impacts. Experience has shown
that most of the EA's prepared for transit projects require an assessment of noise impacts.

1.3 NOISE AND VIBRATION ANALYSIS IN PLANNING AND PROJECT DEVELOPMENT

Major capital investment projects are developed initially from a comprehensive transportation planning
process conducted in metropolitan areas (see 23 CFR 450.300). The metropolitan planning process includes
the consideration of social, economic, and environmental effects of proposed major infrastructure
improvements. However, at this stage, environmental effects are usually considered on a broad scale, for
example, overall development patterns, impact on greenspace, and regional air quality. Noise and vibration
assessments are not typically done at the systems planning stage since the proposed infrastructure
improvements lack the necessary detail.

Once the need for a major capital investment in a corridor is established in the metropolitan transportation
plan, the task then becomes identifying the transit mode and alignment best suited for the corridor. If FTA
capital investment funds will be pursued, the project sponsor must perform an “alternatives analysis.”® Often
combined with a Draft EIS, the alternatives analysis presents information on benefits, costs, and impacts of
alternative strategies for meeting the need for new capacity. Usually, several alternatives ranging in cost will
be evaluated. If environmental impacts of the alternatives will be assessed, noise and, to a lesser extent,
vibration are primary issues. The screening and general assessment procedures described in this manual are
well-suited to compare and contrast noise/vibration effects among different modes and alignments. In fact,
the general assessment procedures were developed partly to respond to this need. In addition, they can be
used for any specific project where the screening procedure indicates potential for impact and the project
sponsor wants a relatively quick assessment of the level of impact.

If the results of the alternatives analysis justify further development of a major capital investment, FTA will
approve entry of the proposed project into preliminary engineering. During preliminary engineering, the
environmental review process is completed. With the mode and alignment determined, the impact assessment
at this stage focuses on the locally preferred alternative for a major capital investment. The detailed analysis
procedures for noise can be used to produce the most accurate estimates of noise impact for the proposed
project. The detailed procedures should be used as the basis for reaching any decisions on the need for noise
reduction measures and the types of measures that are appropriate for the project.

After the NEPA process is completed for a major project, federal funding for final design may be granted. If
vibration impacts were identified during preliminary engineering, a detailed analysis of vibration impact may
be conducted during final design. Final design activities will produce the geotechnical information needed to
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refine the impact assessment and allow the most detailed consideration of vibration control measures, if
needed. Even for smaller transit projects, if vibration impact is predicted in a general assessment, vibration
mitigation measures should only be specified after a detailed analysis has been done. Detailed vibration
analysis is best accomplished during final design of the project.

Once the project enters construction, there may still be a need for noise or vibration analysis in some
circumstances. Large construction projects in densely populated residential areas may require noise
monitoring to make sure that agreed-upon noise limits are not exceeded. Vibration testing may be needed in
the final stages of construction to determine whether vibration control measures are having the predicted
effect.

Considering that transit projects must be located amid or very close to concentrations of people, noise and
vibration impacts can be a concern throughout the planning and project development phases. This manual
offers the flexibility to address noise and vibration at different stages in the development of a project and in
different levels of detail depending on the types of decisions that need to be made.

There are three levels of analysis which may be employed, depending on the type and scale of the project, the
stage of project development, and the environmental setting. The technical content of each of the three levels
is specified in the body of this document, but a summary of each level is given in the following paragraphs:

e Screening Procedure: Identifies noise- and vibration-sensitive land uses in the vicinity of a project and
whether there is likely to be impact. It also serves to determine the noise and vibration study areas for
further analysis when sensitive locations are preseni. The screening process may be all that is required
for many of the smaller transit projects which qualify as categorical exclusions. When noise/vibration-
sensitive receivers are found to be present, there are two levels of quantitative analysis available to
predict impact and assess the need for mitigation measures.

e General Assessment: Identifies location and estimated severity of noise and vibration impacts in the
noise and vibration study areas identified in the screening procedure. For major capital investments, the
General Assessment provides the appropriate level of detail to compare alternative modes and alignments
in alternatives analysis. It can be used in conjunction with established highway noise prediction
procedures to compare and contrast highway, transit and multimodal alternatives. Before basic decisions
have been reached on mode and alignment in a corridor, it is not prudent to conduct the most detailed
level of noise and vibration analysis. For smaller transit projects, this level is used for a closer
examination of projects which show possible impacts as a result of screening. For many smaller projects,
this level may be sufficient to define impacts and determine whether mitigation is necessary.

e Detailed Analysis: Quantifies impacts through an in-depth analysis usually only performed for a single
alternative. Delineates site-specific impacts and mitigation measures for the preferred alternative in major
investment projects during preliminary engineering. For other smaller projects, Detailed Analysis may be
warranted as part of the initial environmental assessment if there are potentially severe impacts due to
close proximity of sensitive land uses.

The three levels of noise and vibration assessment are described in the chapters which follow.
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1.4 ORGANIZATION OF THE MANUAL

The guidance manual is divided into two parts, noise and vibration. Each part has parallel organization
according to the following subjects:
Noise/Vibration
e Basic Concepts
o Criteria
e Screening Procedure
o General Assessment
* Detailed Analysis
Construction Noise/Vibration
Documentation
Appendices
e Glossary
e Background for Transit Noise Impact Criteria
e Receiver Selection
e Existing Noise Determination

e Noise Source Level Determination

e Maximum Noise Level Computation
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2. BASIC NOISE CONCEPTS

This chapter discusses the basic concepts of transit noise which provide background for Chapters 3 through 6,
where transit noise is computed and assessed. The Source-Path-Receiver framework sketched in Figure 2-1 is
central to all environmental noise studies. Each transit source generates close-by noise levels which depend
upon the type of source and its operating characteristics. Then, along the propagation path between all
sources and receivers, noise levels are reduced (attenuated) by distance, intervening obstacles and other
factors. And finally at each receiver, noise combines from all sources to interfere, perhaps, with receiver
activities. This chapter contains an overview of this Source-Path-Receiver framework. Following this
overview is a primer on the fundamentals of noise characteristics.

Receiver

Figure 2-1. The Source-Path-Receiver Framework
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In brief, this chapter contains:
e A primer on the fundamentals of noise characteristics (Section 2.1)

e An overview of transit sources: a listing of major sources, plus some discussion of noise-generation
mechanisms (Section 2.2)

e An overview of noise paths: a discussion of the various attenuating mechanisms on the path between
source and receiver (Section 2.3)

e Anoverview of receiver response to transit noise: a discussion of the technical background for transit-
noise criteria and the distinction between absolute and relative noise impact (Section 2.4)

e Adiscussion of the noise descriptors used in this manual for transit noise (Section 2.5)

2.1 FUNDAMENTALS OF NOISE

Noise is generally considered to be unwanted sound. Sound is what we hear when our ears are exposed to
small pressure fluctuations in the air. There are many ways in which pressure fluctuations are generated, but
typically they are caused by vibrating movemeént of a solid object. This manual uses the terms ‘noise’ and
‘sound’ interchangeably since there is no physical difference between them. Noise can be described in terms
of three variables: amplitude (loud or soft); frequency (pitch); and time pattern (variability).

Amplitude. Loudness of asound depends on the amplitude of the fluctuations above and below atmospheric
pressure associated with a particular sound wave. The mean value of the alternating positive and negative
pressure fluctuations is the static atmospheric pressure, not a useful descriptor of sound. However, the
effective magnitude of the sound pressure in a sound wave can be expressed by the “root-mean-square” (rms)
of the oscillating pressure measured in Pascals, a unit named after Blaise Pascal a 17" century French
mathematician. In calculation of the ‘rms’, the values of sound pressure are squared to make them all positive
and time-averaged to smooth out variations. The ‘rms’ pressure is the square root of this time-averaged value.

The quietest sound that can be heard by most humans, the “threshold of hearing," is a sound pressure of about
20 microPascals, and the loudest sounds typically found in our environment range up to 20 million
microPascals. Because of the difficulty in dealing with such an extreme range of numbers, acousticians use a
compressed scale based on logarithms of the ratios of the sound energy contained in the wave related to the
square of sound pressures instead of the sound pressures themselves, resulting in the “sound pressure level” in
decibels (dB). The ‘B’ in dB is always capitalized because the unit is named after Alexander Graham Bell, a
]eadjng 19" century innovator in communication. Sound pressure level (L;) is defined as:

L, = 10 logio (pms / prer) = 20 10810 (Prms / Pror) dB, where pyer = 20 microPascals.

Inserting the range of sound pressure values mentioned above results in the threshold of hearing at 20
microPascals at 0 dB and a typical loudest sound of 20 million microPascals is 120 dB.
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Decibel Addition. The combination of two or more sound pressure levels at a single location involves
‘decibel addition’ or the addition of logarithmic quantities. The quantities that are added are the sound
energies ( p“ms ). For example, a doubling of identical sound sources results in a 3 dB increase, since:

10 10810 (2 PPms / Prer) = 10 1og1o ( PPms / prer) + 10 logio (2) = 10 logug ( pms / plrer) + 3.

Increment in Decibels
To Be Added to Higher Level

0 2 4 6 8 10 12 14 16 18 20
Ditference in Decibels
Between Two Levels To Be Added

Figure 2-2. Graph for Approximate Decibel Addition

For example, if the noise from one bus resulted in a sound pressure level of 70 dB, the noise from two buses
would be 73 dB. Figure 2.2 provides a handy graph that can be used to add sound levels in decibels. For
example, if two sound levels of 64 dB and 60 dB are to be added, the difference in decibels between the two
levels to be added is 4 dB. The curve intersects the “4” where the increment to be added to the higher level is
“1.5." Therefore the sum of the two levels is 65.5 dB.

Frequency. Sound is a fluctuation of air pressure. The number of times the fluctuation occurs in one second
is called its frequency. Inacoustics, frequency is quantified in cycles per second, or Hertz (abbreviated Hz),
named after Heinrich Hertz, a famous 19" century German physicist. Some sounds, like whistles, are
associated with a single frequency; this type of sound is called a “pure tone.” Most often, however, noise is
made up of many frequencies, all blended together in a spectrum. Human hearing covers the frequency range
of 20 Hz to 20,000 Hz. If the spectrum is dominated by many low frequency components, the noise will have
a characteristic like the rumble of thunder. The spectrum in Figure 2-3 illustrates the full range of acoustical
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frequencies that can occur near a transit system. In this example, the noise spectrum was measured near a
train on a steel elevated structure with a sharp curve. This spectrum has a major low frequency peak centered
around 80 Hz. Although not dominant in this example, frequencies in the range of 500 Hz to 2000 Hz are
associated with the roar of wheel /rail noise. However a strong peak above 2000 Hz is associated with the
wheel squeal of the train on the curve.
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Figure 2-3. Noise Spectrum of Transit Train on Curve on Elevated Structure

Our human hearing system does not respond equally to all frequencies of sound. For sounds normally heard
in our environment, low frequencies below 250 Hz and very high frequencies above 10,000 Hz are less
audible than the frequencies in between. Acoustical scientists measured and developed frequency response
functions that characterize the way people respond to different frequencies. These are the so-called A-, B-
and C-weighted curves, representing the way people respond to sounds of normal, very loud and extremely
loud sounds, respectively. Environmental noise generally falls into the “normal” category so that the A-
weighted sound level is considered best to represent the human response. The A-weighted curve is shown in
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Figure 2-4. This curve shows that sounds at 50 Hz would have to be amplified by 30 dB to be perceived
equally as loud as a sound at 1000 Hz at normal sound levels.
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Figure 2-4. A-weighting Curve

Low frequencies are associated with long wavelengths of sound. Conversely, high frequencies are the result
of short wavelengths. The way in which frequency and wavelength of sound waves are related is the speed of
sound. The relationship is:

fA = ¢, where

f = frequency in cycles per second (Hz)
A = wavelength in feet, and
c = speed of sound in feet per second.

The speed of sound in air varies with temperature, but at standard conditions is approximately 1000 feet per
second. Therefore, according to the equation, a frequency of 1000 Hz has a wavelength of 1 foot and a
frequency of 50 Hz has a wavelength of 20 feet.

The scale of these waves explains in part the reason humans perceive sounds of 1000 Hz better than those of
50 Hz - the wavelengths are similar to the size of the receiver's head. Waves of 20 feet in length at 50 Hz are
house-sized, which is why low-frequency sounds, such as those from idling locomotives, are not deterred by
walls and windows of a home. These sounds transmit indoors with relatively little reduction in strength.
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Time pattern. The third important characteristic of noise is its variation in time. Environmental noise
generally derives, in part, from a conglomeration of distant noise sources. Such sources may include distant
traffic, wind in trees, and distant industrial or farming activities, all part of our daily lives. These distant
sources create a low-level "background noise” in which no particular individual source is identifiable.
Background noise is often relatively constant from moment to moment, but varies slowly from hour to hour as
natural forces change or as human activity follows its daily cycle. Superimposed on this low-level, slowly
varying background noise is a succession of identifiable noisy events of relatively brief duration. These
events may include single-vehicle passbys, aircraft flyovers, screeching of brakes, and other short-term
events, all causing the noise level to fluctuate significantly from moment to moment.

Itis possible to describe these fluctuating noises in the environment using single-number descriptors. To do
this allows manageable measurements, computations, and impact assessment. The search for adequate single-
number noise descriptors has encompassed hundreds of attitudinal surveys and laboratory experiments, plus
decades of practical experience with many alternative descriptors.

2.2 SOURCES OF TRANSIT VEHICLE NOISE

This section discusses major characteristics of the sources of transit noise. Transit noise is generated by
transit vehicles in motion. Vehicle propulsion units generate: (1) whine from electric control systems and
traction motors that propel rapid transit cars, (2) diesel-engine exhaust noise, from both diesel-electric
locomotives and transit buses, (3) air-turbulence noise generated by cooling fans, and (4) gear noise.
Additional noise of motion is generated by the interaction of wheels/tires with their running surfaces. Tire
noise from rubber-tired vehicles is significant at normal operating speeds. The interaction of steel wheels and
rails generates three types of noise: (1) rolling noise due to continuous rolling contact, (2) impact noise when
a wheel encounters a discontinuity in the running surface, such as a rail joint, turnout or crossover, and
(3) squeal generated by friction on tight curves.

Figure 2-5 illustrates typical dependence of
source strength on vehicle speed for two
types of transit vehicles. Plotted vertically in
this figure is a qualitative indication of the
maximum sound level during a passhy. In
. the figure, speed dependence is strong for
electric-powered transit trains because
wheel/rail noise dominates, and noise from
this source increases strongly with increasing
speed. On the other hand, speed dependence

Sound Level

is less for diesel-powered commuter rail Train Speed
trains, particularly at low speeds where the
locomotive exhaust noise dominates. As

Figure 2-5. Example Sound Level Dependence on Speed
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speed increases, wheel-rail noise becomes the dominant noise source and diesel- and electric-powered trains
will generate similar noise levels. Similarly, but not shown, speed dependence is also strong for automobiles,
city buses (two-axle) and non-accelerating highway buses (three-axle), because tire/pavement noise dominates
for these vehicles; but it is not significant for accelerating highway buses where exhaust noise is dominant.
For transit vehicles in motion, close-by sound levels also depend upon other parameters, such as vehicle
acceleration and vehicle length, plus the type/condition of the running surfaces. For very high-speed rail
vehicles, air turbulence can also be a significant source of noise. In addition, the guideway structure can also
radiate noise as it vibrates in response to the dynamic loading of the moving vehicle.

Transit vehicles are equipped with horns and bells for use in emergency situations and as a general audible
warning to track workers and trespassers within the right-of-way as well as to pedestrians and motor vehicles
at highway grade crossings. Horns and bells on the moving transit vehicle, combined with stationary bells at
grade crossings can generate noise levels considered to be extremely annoying to nearby residents.

Noise is generated by transit vehicles even when they are stationary. For example, auxiliary equipment often
continues to run even when vehicles are stationary - equipment such as cooling fans on motors, radiator fans,
plus hydraulic, pneumatic and air-conditioning pumps. Also, transit buses are often left idling in stations or
storage yards. Noise is also generated by sources at fixed-transit facilities. Such sources include ventilation
fans in transit stations, in subway tunnels, and in power substations, equipment in chiller plants, and many
activities within maintenance facilities and shops.

Table 2-1 summarizes sources of transit noise separately by vehicle type and/or type of facility. Procedures
for computing close-by noise levels for major sources as a function of operating parameters such as vehicle
speed are given in Chapters 5 and 6.
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Table 2-1. Sources of Transit Noise

Vehicle or Facility Dominant Components Comments
Wheel/rall 1nter-a.ct10.n and Depends on condition of wheels and rails.
guideway amplification -

Rail Rapid Transit

(RRT), or Light Rail

Propulsion system

When accelerating and at higher speeds.

Transit (LRT) on Brakes When stopping.

exclusive Auxiliary equipment When stopped.

right-of-way Wheel squeal On tight curves.
In general Noise increases with speed and train length.
Wheel squeal On tight curves.

Light Rail Transit
(LRT) in mixed traffic

Auxiliary equipment

When stopped.

Horns and crossing bells

At grade crossings.

In general

Lower speeds mean less noise than for RRT
and LRT on exclusive right-of-way.

Commuter Rail

Diesel exhaust

On diesel-hauled trains.

Cooling fans

On both diesel and electric-powered trains.

Wheel/rail interaction

Depends on condition of wheels and rails.

Horns and crossing gate
bells

At grade crossings.

In general

Noise is usually dominated by locomotives and
horns at grade crossings.

Low and Intermediate
Capacity Transit

Propulsion systems,
including speed controllers

At low speeds.

Ventilation systems

At low speeds.

Tire/guideway interaction

For rubber-tired vehicles, including monorails.

Wheel/rail interaction

Depends on condition of wheels and rails.

Wide range of vehicles: monorail, rubber-

Diesel Buses

In general tired, steel wheeled, linear induction. Noise
characteristics depend upon type.

Cooling fans While idling.

Engine casing While idling.

Diesel exhaust

Atlow speeds and while accelerating.

Tire/roadway interaction

At moderate and high speeds.

In general

Includes city buses (generally two axle) and
commuter buses (generally three axle).

Electric Buses and
Trackless Trolleys

Tire/roadway interaction

At moderate speeds.

Electric traction motors

At moderate speeds.

In general

Much quieter than diesel buses.
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Table 2-1. Sources of Transit Noise (continued)

Vehicle or Facility Dominant Components Comments
Buses starting up Usually in early morning.
Buses accelerating Usually near entrances/exits.
Bus Storage Yards Buses idling Warm-up areas
In general 8511;(; lsfpl)f:rl]?rclo iSef.ten peak periods with
Wheel squeal On tight curves.
Wheel impacts On joints and switches.
Wheel rolling noise On tangent track
Rail Transit Storage Auxiliary equipment Th_roughout day and night. Includes air-release
Yards noise.
Coupling/uncoupling On storage tracks
Signal horns Throughout yard site
i geea
Signal horns Throughout facility
PA systems Throughout facility
Maintenance Impact tools Shop buildings
Facilities Car/bus washers/driers Wash facility
Vebhicle activity Throughout facility
In general Site specif“lc. Consideraple activity throughout
ay and night, some outside.
Automobiles rP;la(;;g?nagifrival/departure, especially in early
Buses idling Bus loading zone
Stations P.A. systems Platform area
Locomotive idling At commuter rail terminal stations.
Auxiliary systems At terminal stations and layover facilities.
In general Site specific, with peak activity periods.
Fans Noise through vent shafts.
Subways Buses/trains in tunnels Noise through vent shafts.

In general

Noise is not a problem.
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2.3 PATHS OF TRANSIT NOISE, FROM SOURCE TO RECEIVER

This section contains a qualitative overview of noise-path characteristics from source to receiver, including
attenuation along these paths. Equations for specific noise-level attenuations along source-receiver paths
appear in Chapters 5 and 6.

Sound paths from source to receiver are predominantly through the air. Along these paths, sound reduces
with distance due to (1) divergence, (2) absorption/diffusion and (3) shielding. These mechanisms of sound
attenuation are discussed below.

Divergence. Sound levels naturally attenuate due to distance, as shown in Figure 2-6. Plotted vertically is
the attenuation at the receiver, relative to the sound level 50 feet from the source. As shown, the sound level
attenuates with increasing distance. Such attenuation, technically called "divergence," depends upon source
configuration and source-emission characteristics. For sources grouped closely together (called point
sources), attenuation with distance is large: 6 decibels per doubling of distance. Point sources include
crossing signals along rail corridors, PA systems in maintenance yards and other closely grouped sources of
noise. For vehicles passing along a track or roadway (called line sources), divergence with distance is less: 3
decibels per doubling of distance for Lq and Lg,, and 3 to 6 decibels per doubling of distance for L. In
Figure 2-6, the line source curve separates into three separate lines for Ly, with the point of departure
depending on the length of the line source. These three noise descriptors — Leq, Lan and Ly — are discussed
in Section 2.5. Equations for the curves in Figure 2-6 appear in Chapter 6.

Absorption/Diffusion. In addition to distance alone, sound levels are further attenuated when sound paths lie

close to freshly-plowed or vegetation-covered ground. Plotted vertically in Figure 2-7 is this additional
attenuation, which can be as large as 5 decibels as close in as several hundred feet. At very large distances,
wind and temperature gradients sometimes modify the ground attenuation shown here; such variable
atmospheric effects are not included in this manual because they generally occur beyond the range of typical
transit-noise impact. Equations for the curves in this figure appear in Chapter 6.
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Figure 2-7. Attenuation due to Soft Ground

Shielding. Sound paths are sometimes interrupted by man-made noise barriers, by terrain, by rows of
buildings, or by vegetation. Most important of these path interruptions are noise barriers, one of the best
means of mitigating noise in sensitive areas. A noise barrier reduces sound levels at a receiver by breaking
the direct line-of-sight between source and receiver with a solid wall (in contrast to vegetation, which hides
the source but does not reduce sound levels significantly). Sound energy reaches the receiver only by
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bending (diffracting) over the top of the barrier, as shown in Figure 2-8, and this diffraction reduces the sound
level at the receiver.

Sound
Shadow
Rail car Barrier _f
i iy
= e
L Barrier 1'_ Barrier
without absorption with absorption

Figure 2-8. Noise Barrier Geometry

Sound barriers for transportation systems are typically used to attenuate noise at the receiver by 5 to 15
decibels, depending upon barrier height, length, and distance from both source and receiver. Barriers on
structure, very close-in to the source, sometimes provide less attenuation than do barriers slightly more distant
from the source, due to reverberation (multiple reflections) between the barrier and the body of the vehicle.
However, this reverberation is often offset by increased barrier height, which is easy to obtain for such close
in barriers, and/or acoustical absorption on the source side of the barrier. Acoustical absorption is included as
a mitigation option in Chapter 6. Equations for barrier attenuation, plus equations for other sound-path
interruptions, also appear in Chapter 6.

Sometimes a portion of the source-to-receiver path is not through the air, but rather through the ground or
through structural components of the receiver's building. Discussion of such ground-bome and structure
borne propagation is included in Chapter 7.
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2.4 RECEIVER RESPONSE TO TRANSIT NOISE

This section contains an overview of receiver response to noise. It serves as background information for the
noise impact criteria in Chapter 3.

Noise can interrupt ongoing activities and can result in community annoyance, especially in residential areas.

In general, most residents become highly annoyed when noise interferes significantly with activities such as
sleeping, talking, noise-sensitive work, and listening to radio or TV or music. In addition, some land uses,
such as outdoor concert pavilions, are inherently incompatible with high noise levels.

Annoyance to noise has been investigated and approximate dose-response relationships have been quantified
by the Environmental Protection Agency (EPA). " The selection of noise descriptors in this manual is largely
based upon this EPA work. Beginning in the 1970s, the EPA undertook a number of research and synthesis
studies relating to community noise of all types. Results of these studies have been widely published, and
discussed and refereed by many professionals in acoustics. Basic conclusions of these studies have been
adopted by the Federal Interagency Committee on Noise, the Department of Housing and Urban Development
(HUD), the American National Standards Institute, and even internationally.(2)(3)“)(5) Conclusions from this
seminal EPA work remain scientifically valid to this day.

Figure 2-9 contains a synthesis of actual case studies of community reaction to newly introduced sources of
noise in a residential urban neighborhood.® Plotted horizontally in the figure is the new noise's excess above
existing noise levels. Both the new and existing noise levels are expressed as Day-Night Sound Levels, Ly,
discussed in Section 2.5. Plotted vertically is the community reaction to this newly introduced noise. As
shown in the figure, community reaction varies from "No Reaction" to "Vigorous Action,” for newly
introduced noises averaging from "10 decibels below existing" to "25 decibels above existing.” Note that
these data points apply only when the stated assumptions are true. For other conditions, the points shift to the
right or left somewhat.

In a large number of community attitudinal surveys, transportation noise has been ranked among the most
significant causes of community dissatisfaction. A synthesis of many such surveys on annoyance appears in
Figure 2-10.”7® Plotted horizontally are different neighborhood noise exposures. Plotted vertically is the
percentage of people who are highly annoyed by their particular level of neighborhood noise. As shown in
the figure, the percentage of high annoyance is approximately 0 percent at 45 decibels, 10 percent around 60
decibels and increases quite rapidly to approximately 70 percent around 85 decibels. The scatter about the
synthesis line is due to variation from community to community and to some wording differences in the
various surveys. A recent update of the original research, containing several additional railroad, transit and
street traffic noise surveys, has not significantly changed the shape of the original Schultz curve.®®
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As indicated by these two figures, introduction of transit noise into a community may have two undesirable
effects. First, it may significantly increase existing noise levels in the community, levels to which residents
have mostly become accustomed. This effect is called "relative” noise impact. Evaluation of this effect is
“relative” to existing noise levels; relative criteria are based upon noise increases above existing levels.
Second, newly introduced transit noise may interfere with community activities, independent of existing noise
levels; it may be simply too loud to converse or to sleep. This effect is called "absolute" noise impact,
because it is expressed as a fixed level not to be exceeded and is independent of existing noise levels. Both
these effects, relative and absolute, enter the assessment of transit noise impact in Chapters 4, 5 and 6. These
two types of impact, relative and absolute, are merged into the transit noise criteria of Chapter 3.

2.5 DESCRIPTORS FOR TRANSIT NOISE

This manual uses the following single-number descriptors for transit-noise measurements, computations, and
assessment. The terminology is consistent with common usage in the United States. For comparison with
national standard terminology, see Appendix A.

The A-weighted Sound Level, which describes a receiver's noise at any moment in time.
The Maximum Sound Level (L,..,) during a single noise event.

The Sound Exposure Level (SEL), which describes a receiver's cumulative noise exposure from a single
noise event.

The Hourly Equivalent Sound Level (L.,(h)), which describes a receiver's cumulative noise exposure
from all events over a one-hour period.

The Day-Night Average Sound Level (L4,), which describes a receiver's cumulative noise exposure
from all events over a full 24 hours, with events between 10pm and 7am increased by 10 decibels to
account for greater nighttime sensitivity to noise.

This section illustrates all of these noise descriptors, in turn, and describes their particular application in this
manual. Emphasized here are graphic illustrations rather than mathematical definitions to help the reader gain
understanding and to see the interrelationships among descriptors.

2.5.1 A-weighted Sound Level: The Basic Noise Unit

The basic noise unit for transit noise is the A-weighted Sound Level. It describes a receiver's noise at any
moment in time and is read directly from noise-monitoring equipment, with the "weighting switch" set on
"A." Figure 2-11 shows some typical A-weighted Sound Levels for both transit and non-transit sources.

As is apparent from Figure 2-11, typical A-weighted Sound Levels range from the 30s to the 90s, where 30 is
very quiet and 90 is very loud. The scale in the figure is labeled "dBA" to denote the way A-weighted Sound
Levels are typically written, for example, 80 dBA. The letter "A" indicates that the sound has been filtered to
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reduce the strength of very low and very high-frequency sounds, as described in Section 2.1. Without this
A-weighting, noise-monitoring equipment would respond to events people cannot hear, events such as high-
frequency dog whistles and low-frequency seismic disturbances. On the average, each A-weighted sound
level increase of 10 decibels corresponds to an approximate doubling of subjective loudness. Other frequency
weighting such as B, C, and linear weights have been used to filter sound for specific applications.

Transit Sources dBA Non-Transit Sources
f- Outdoor Indoor
8 100
Rail Transit on Okf Steel Structure, ——e-
50 mph
Rock Drill Shop Tools, in use
Rail Transit Horn =—e |90
Rail Transit on Modem Concrete Jack Hammor Shop Tools, idling
Aerial Stnucture, 50 mph - Concrete Mixer
Rall Transit At-Grade, 50 mph  —— |80
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City Bus, kling — i Foud Blender
Lawn Mower
70
Lawn Tiiler
Rail Transit in Station  —o Clothes Washer
Air Conditioner
60:
§
Air Conditioner
0
Relrigarator
40
Allats50n U Allat 50 1 Alat3f

Figure 2-11. Typical A-weighted Sound Levels

A-weighted sound levels are adopted here as the basic noise unit because: (1) they can be easily measured, (2)
they approximate our ear’s sensitivity to sounds of different frequencies, (3) they match attitudinal-survey
tests of annoyance better than do other basic units, (4) they have been in use since the early 1930s, and (5)
they are endorsed as the proper basic unit for environmental noise by nearly every agency concerned with
community noise throughout the world.

2.5.2 Maximum Sound Level (L,.,) During a Single Noise Event

As a transit vehicle approaches, passes by, and then recedes into the distance, the A-weighted sound level
rises, reaches a maximum, and then fades into the background noise. The maximum A-weighted sound level
reached during this passby is called the Maximum Sound Level, abbreviated here as "L,.." For noise
compliance tests of transient sources, such as moving transit vehicles under controlled conditions with smooth
wheel and rail conditions, L,y is typically measured with the sound level meter's switch set on "fast."
However, for tests of continuous or stationary transit sources, and for the general assessment of transit noise
impact, it is usually more appropriate to use the "slow" setting. When set on "slow," sound level meters
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ignore some of the very transient fluctuations, which are unimportant to people’s overall assessment of the
noise. Ly is illustrated in Figure 2-12, where time is plotted horizontally and A-weighted sound level is
plotted vertically.

Because Ly is commonly used in vehicle-noise specifications and because it is commonly measured for
individual vehicles, equations are included in Appendices E and F to convert between L., and the cumulative
descriptors discussed below. However, Ly, is not used as the descriptor for transit environmental noise
impact assessment for several reasons. L ignores the number and duration of transit events, which are
important to people’s reaction to noise, and cannot be totalled into a one-hour or a 24-hour cumulative
measure of impact. Moreover, the Ly, is not conducive to comparison among different transportation modes.
For example, noise descriptors used in highway noise assessments are L., and Lo, the noise level exceeded
for 10 percent of the peak hour.

©
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Figure 2-12. Typical Transit-Vehicle Passby

2.5.3 Sound Exposure Level (SEL): The Cumulative Exposure from a Single Noise Event
Shaded in Figure 2-12 is the noise "exposure" during a transit-vehicle passby. This exposure represents the
total amount of sound energy that enters the receiver's ears (or the measurement microphone) during the
vehicle passby. Figure 2-13 shows another noise event - this one within a fixed-transit facility as a transit bus
is started, warmed up, and then driven away. For this event, the noise exposure is large due to duration.
The quantitative measure of the noise exposure for single noise events is the Sound Exposure Level,
abbreviated here as "SEL" and shaded in both these figures. The fact that SEL is a cumulative measure means
that (1) louder events have greater SELs than do quieter ones, and (2) events that last longer in time have
greater SELs than do shorter ones. People react to the duration of noise events, judging longer events to be
more annoying than shorter ones, assuming equal maximum A-Levels. Mathematically, the Sound Exposure
Level is computed as:

SEL =10 logyq [Total sound energy]

during the event
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Figure 2-13. Typical Fixed-Facility Noise Event

Figure 2-14 repeats the previous time histories, but with a stretched vertical scale. The stretched scale
corresponds to sound "energy” at any moment in time. Mathematically, sound energy is proportional to 10
raised to the (L/10) power, that is, 10*'%. The vertical scale has been stretched in this way because noise is
"energy"” exposure. Only in this way do the shaded zones properly correspond to the noise exposures that
underlie the SEL. Note that the shaded zones in the two frames have equal numerical areas, corresponding to
equal SELs for these two very different noise events.

Each frame of the figure also contains a tall, thin shaded zone of one-second duration. This tall zone is
another way to envision SELs. Think of the original shaded zone being squeezed shorter and shorter in time,
while retaining the same numerical area. As its duration is squeezed, its height must increase to keep the area
constant. If an SEL shading is squeezed to a duration of one second, its height will then equal its SEL value;
mathematically, its area is now 10*'” times one second. Note that the resultin